The characteristics of carbon fiber-reinforced plastics allow a very broad range of uses. Drilling is often necessary to assemble different components, but this can lead to various forms of damage, such as delamination which is the most severe. However, a reduced thrust force can decrease the risk of delamination. In this work, two variables of the drilling process were compared: tool material and geometry, as well as the effect of feed rate and cutting speed. The parameters that were analyzed include: thrust force, delamination extension and mechanical strength through open-hole tensile test, bearing test, and flexural test on drilled plates. The present work shows that a proper combination of all the factors involved in drilling operations, like tool material, tool geometry and cutting parameters, such as feed rate or cutting speed, can lead to the reduction of delamination damage and, consequently, to the enhancement of the mechanical properties of laminated parts in complex structures, evaluated by open-hole, bearing, or flexural tests.
Introduction

Drilling of composite materials
Nowadays, composites are one of the most promising groups of materials for various industries. The main characteristics of composites, such as low density and high strength to weight ratio, make them ideal where high stiffness, high strength, and low weight are required. Consequently, the usage of composite materials has grown in recent years, as can be seen in their intensive use in the new Airbus A380 or Boeing 787 airplanes, where 50% of the weight of its primary aircraft structure will be made of composite, Gulpin. 1 Composite materials are not only found in the aeronautical field but also in other industries such as the automotive, railway, energy, sports equipment, and domestic appliances industries, as well as in other applications where low weight and good mechanical characteristics are required.
Although composite parts are produced to near-net shape, finishing operations like drilling, for assembly, are usually required. These operations can be carried out with conventional tools and machinery with the proper adjustments. However, due to the lack of homogeneity of the composites, this operation can lead to several damages. The most frequent and noticeable damages are around the edges of the machined hole, usually at the exit side of the drill, due to the drilling process. The most common damages are delamination, fiber-pull-out, and thermal damages. 2 Of these, delamination is considered the most serious, as it can lead to a reduction of the mechanical properties of the laminate. Persson et al. 3, 4 demonstrated that a reduction of around 10% in static testing of pin load specimens and fatigue testing can occur in comparison to parts drilled using dedicated tools. In another work, Dura˜o et al. 5 verified an increase of 4% on bearing test results, just by selecting the appropriate tool geometry. The reduction or even the elimination of such damage is of vital importance to the industries that manufacture parts in composite materials. However, increased knowledge of the damage mechanisms and control of the conditions that lead to its onset and propagation are required to attain such results.
Focusing on delamination, two different mechanisms are normally referred to: peel-up and push-down, Figures 1(a) and (b), respectively. The former is a consequence of the drill entering the upper plies of the plate and the cutting edge of the drill abrades the laminate. The material spirals up along the flute before being effectively cut. This action can be avoided with the use of low feeds. 6 On the other hand, the latter mechanism is a result of the indentation effect caused by the quasi-stationary drill chisel edge, acting on the uncut plies of the laminate. The cause of this damage mechanism is the compressive thrust force, measurable during the drilling process, exerted by the drill on the uncut plies of the plate. As the uncut thickness approaches zero, the mechanical resistance of the plate decreases. At some point, this load exceeds the interlaminar fracture toughness of the laminate and the plies tend to be pushed away from the plate, causing the separation of two adjacent plies of the laminate and, consequently, delamination takes place. 6, 7 In general, delamination can be reduced by minimizing the thrust forces exerted by the drill chisel edge.
The 'push-down' delamination is more difficult to avoid as, at some point during the drilling process, a situation of one uncut ply will necessarily occur. Numerous works had been published on the subject of delamination reduction. For example, Person et al. 3, 4 developed a patented method, known as NOVATOR Õ , an orbital drilling method, in which the hole is machined both axially and radially by rotating the cutting tool around its own axis as well as eccentrically while feeding through the laminate. Based on experimental analysis, Piquet et al. 8 suggested that an optimal drill should have a greater number of cutting edges, from three to six, a point angle of 118 , and a reduced chisel edge. Additionally, a variable feed rate could help to prevent delamination. Stone and Krishnamurthy 9 studied the implementation of a neural network thrust force controller that searches for the best feed rate every three spindle revolutions in order to minimize delamination. Davim and Reis 10 presented an experimental work on the effect of tool geometry and drilling parameters on delamination. These authors found that the influence of feed rate and cutting speed was dependent on drill geometry. A study conducted by Shyha et al. 11 demonstrated a greater importance of feed rate when compared to cutting speed. Hocheng and Tsao 12 evaluated the performance of special drill bits and concluded that drill geometry could influence the thrust force and, consequently, the threshold of feed rate to avoid delamination. Thus, core drill, candle stick drill, saw drill, and step drill can be operated at larger feed rates than twist drill, meaning shorter cycle times, without delamination damage. The influence of tool geometry on delamination was also evaluated in, [13] [14] [15] showing the benefit of using a step drill. The advantage of pilot hole drilling on delamination reduction by cancelling the chisel edge effect during final diameter machining has been studied by different authors. [16] [17] [18] In ref. 19 , the authors studied the effect of the cutting variables on thrust force, torque, hole quality, and chip. Drill diameter variation was also considered in this study. At the end, it was noted that circularity issues are more pronounced when feed rate increases. A comprehensive review of the steps toward delamination-free drilling of composite materials can be found in ref. 20 . In addition, a literature survey on the machinability of composite laminates, in terms of tool material and geometry or cutting parameters, as well as hole quality issues, was compiled by Abra˜o et al. 21 A recent advance was given by Schulze et al. 22 minimizing damage by directing the cutting forces toward the centre of the workpiece.
In this work, the effect of two variables on the drilling process of composite materials was studied: the tool material and the tool geometry. Two tool materialstungsten carbide (WC) and polycrystalline diamond (PCD) -with the same twist drill geometry were evaluated; and three different tool geometries of the WC drillstwist, Brad, and step, Figure 2 , were assessed.
The parameters considered in this study included thrust force monitoring during drilling, the assessment of the delamination extension from enhanced digital radiographies that are segmented by an artificial neuronal network, and, finally, mechanical testing of drilled coupons to evaluate any reduction of the mechanical properties. The mechanical tests carried out were the 'Standard Test Method for Open-Hole Tensile Strength of Polymer Matrix Composite Laminates' -ASTM D5766M-07, 23 the 'Standard Test Method for Bearing Response of Polymer Matrix Composite Laminates' -ASTM D5961M-08 24 and the 'Fiber-reinforced plastic composites -Determination of flexural properties' -ISO 14125:1998, Method A (three point). 25 The latter test is not commonly referred to in published literature for evaluating hole machining quality.
The usefulness of this test in terms of drilling damage still needs further analysis. This test is frequently used to evaluate composite materials in terms of tensile, compressive, and shear stresses acting simultaneously. To evaluate the relative importance of each experimental factor, statistical techniques, in particular the analysis of variance (ANOVA), were applied. This work shows that a proper combination of all the factors involved in drilling operations, like tool material, tool geometry and cutting parameters, such as feed rate or cutting speed, can lead to the reduction of delamination damage and, consequently, to the enhancement of the mechanical properties of laminated parts in complex structures.
In the next section, the materials and methods adopted are introduced; then, the experimental results are presented and discussed; finally, in the fourth and last section of the paper, the conclusions of the work done are pointed out.
Materials and methods
Composite plates' production and drilling
For the experimental work, a batch of carbon/epoxy plates using a commercially available prepreg with a cross-ply stacking sequence of [(0/90) 6 ] s were produced. The plates were then cured under 300 kPa pressure and 130 C for 1 h, followed by cooling. Final plate thickness was 4 mm. Similar plates with 2 mm thickness were produced for flexural testing. Then, the plates were cut into test coupons of 165 Â 96 mm 2 for the drilling experiments and in coupons of other dimensions depending on the mechanical test specifications -open-hole, bearing, and flexural.
The drilling operation was carried out in a 3.7 kW CNC machine. Two setups were used: in the first, the twist drill geometry remained unchanged and tool material was changed from WC to PCD. In the second, the tool material -WC -was kept constant while tool geometry was changed: initially, a twist drill with a point angle of 120 (Figure 2(a) ), then a Brad drill (Figure 2(b) ), and lastly a step drill (Figure 2 (c)) were used. Drill bit details, specifically on the step drill, can be found in ref. 26 . All the drills had a 6-mm diameter and the cutting parameters for all the tryouts were: three cutting speeds: 2800, 4200, and 6000 rpm, corresponding to a cutting speed of 53, 79, and 113 m/min; three feeds rates: 0.02, 0.06, and 0.12 mm/rev. An increase in feed is known to cause an increase in both thrust force and delamination. [9] [10] [11] 20, 27 As mentioned earlier, the influence of the cutting speed on thrust force and delamination is inferior to the influence of the feed rate. However, the influence of feed rate on the mechanical strength by destructive testing has not yet been confirmed.
During drilling, the axial thrust forces were monitored with a dynamometer associated to an amplifier and a computer for data acquisition and processing. No back plates were used. The experimental setup is presented in Figure 3 .
Delamination evaluation
After drilling, the delaminated region around the drilled hole was evaluated using enhanced digital radiography. In order to produce a contrast, the plates were first immersed in di-iodomethane for 30 min. Then, the radiography images were acquired using a 60 kV, 300 kHz 2100 X-Ray system associated with a digital acquisition system.
The radiography images were processed and analyzed to obtain the segmentation and posterior characterization of the regions of interest, 28 Figure 4 . The round white region at the centre, Figure 4 (a) and (b), is the hole and the darker border around the hole is the damaged area, Figure 4 (a) and (b). The segmentation of the input images, that is to say, the identification of hole, delaminated and nondelaminated regions, was achieved by using an artificial neuronal network with the following topology: an input layer composed of three neurons, which corresponds to the pixel values of each image to be evaluated in red, green, and blue (RGB) color spaces, a hidden layer consisting of 7 neurons, which was defined by the heuristic rule proposed in ref. 29 , and finally an output layer with three neurons. The logistic function 30 was considered for neurons activation function. It presents three output values: À1 (one), 0 (zero), and 1 (one). Although the network was used in this work to segment gray-level images (0 to 255 levels) and to classify three regions of interest, it can also segment color images into a maximum of 27 classes.
The backpropagation learning algorithm 31 was used to train the multilayer perceptron neuronal network, as it is one of the most used algorithms for this type of network training. It should be pointed out here that to segment a set of similar images, the training of the neuronal network only needs to be performed once.
For the experimental work, the neuronal network was trained using an average of 10 pixels manually selected from six training images for each of the three segmentation classes. Also, the training phase was stopped once an absolute error not higher than 0.01 or a number of iterations equal to 2500 epochs was reached. Further details of the neural network used here can be found in de Albuquerque et al. 32 After the segmentation of each input image, Figure  4 (c), measurements of the hole and delaminated regions, such as diameters and areas, can be computed: the diameters by searching for the longest diagonal within the segmented regions, Figure 4(d) , and the areas by summing up the pixels within the segmented regions. The values obtained from the radiography images can be used to determine the delamination factor proposed by Chen 33 that is defined as the ratio of the maximum delaminated diameter (D max ) to the nominal hole diameter (D):
One limitation of Chen's criterion is related to situations when the delamination involved is not round, but presents breaks and cracks. In such cases, the values of the delaminated area are more appropriated for the damage quantification. Based on this, Davim et al. 34 suggested a novel approach known as the adjusted delamination factor -F da :
where A max is the area corresponding to the maximum delaminated diameter and A o the nominal hole area. In this new criterion, the first term is the conventional delamination factor and a second term is added, taking into account the contribution of the damaged area and the parameters a and b are used as weights, their sum always being equal to 1 (one). This criterion was adopted here with the intention of making comparisons.
Mechanical testing
The mechanical tests carried out were the 'Open-hole tensile strength test,' according to ASTM D5766M-07, 23 the 'Bearing test,' according to ASTM D5961M-08 24 and the 'Flexural test,' according to ISO 14125-1998. 25 These tests were used to assess the effect of delamination on the mechanical properties of the drilled plates. Test coupons of 250 Â 36 mm 2 , 135 Â 36 mm 2 , and 100 Â 15 mm 2 , respectively, for the above mentioned tests, were cut and drilled under the same experimental conditions, as described in section 'Composite plates' production and drilling.'
The tests were performed in a 100 kN Universal Testing machine equipped with the necessary accessories to run the different tests and connected to a computer for machine control and data acquisition. The test speeds were 5 mm/min for the 'Open-hole test,' 2 mm/min for the 'Bearing test,' and 4 mm/min for the 'Flexural test.' 
Results and discussion
Comparison of tool material
The results presented for the thrust force are the maximum values acquired during drilling as, according to published analytical models, 6 superior thrust forces correspond to a higher delamination probability. Due to the signal variations during drill rotation, the thrust force values were averaged over one spindle revolution. Also, to reduce the influence of outlier values, the final results used were the average of six experiments run under identical conditions.
Independently of the tool geometry or material used, the thrust force was always superior with increased feed rates, Figure 5 . This was an expected outcome, and it is in line with the findings from previous works. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] 26 Consequently, the differences observed on thrust force results are due to the tool variations, either in terms of the geometry or in terms of the material. From Figure 5 , it turns out that WC tools have always smaller thrust forces than polycrystalline diamond tools for all feed rates used in the experimental work. This result was not expected as it is known that PCD drills, due to lower friction coefficient, should present lower thrust forces. Three reasons can be given to this result. First, PCD tool is a tipped tool, meaning that although the main angles are identical for both tools, rake angle will differ from one material to the other. As commercial tools were used, this situation was not possible to change. In spite of this fact, it represents the actual condition of available tooling. The second reason is related with the fact that only new tools were used for each run of six holes. So, this situation reduces the advantage of using PCD drills as new WC tools, with sharp cutting edge, are known to enable a clean cut. Greater series will change this result. Finally, it should be noted that the use of PCD drills allows for higher cutting speeds when compared to WC drills and in this work this acquainted advantage was not explored. The results comparing the maximum thrust force, the adjusted delamination factor, the open hole strength, the bearing strength, and the flexural strength are presented in Figure 6 and in Table 1 for the twist drills made with the two tool materials under analysis. The maximum thrust force results are the average of the three feed rates considered in the experimental work.
The values presented in Figure 6 and Table 1 show that for twist drill geometry, under the experimental conditions applied here, WC appears to be the best material. Possible reasons for this are discussed above. One must remember that PCD tools are more wearresistant and in this work the number of holes drilled with each tool was small, only six holes, and consequently the long-term effects were not taken into account. A second argument in favor of PCD tools is related to productivity. PCD drills allow higher cutting speeds and feed rates, leading to greater output.
However, this interesting parameter was not in the scope of this study.
From the results presented in Figure 6 and Table 1 it is possible to affirm that WC tools present less thrust force during drilling. This result correlates with less damage extent, by the adjusted delamination factor and greater values of mechanical strength, as shown by the values of bearing and flexural strength.
These results are coherent in the whole and so, it appears as, under appropriate conditions and for a reduced number of holes, WC tools are well suited. On the other hand, it could be the consequence of a combination of experimental parameters that are more suited for WC tool drilling than for PCD tool drilling. Past experience of the authors has been mainly focused on WC tools. It also is noteworthy to refer the excellent condition of the machining centre. After every tool assembly, eccentricity of the drill barrel was always checked. This good machine condition could have been an important contribution to good WC drilling results.
Comparison of tool geometry
The results here presented were obtained following the same experimental sequence as the previous section. The intention was to evaluate the geometry of the tool, thus only one material, WC, was used with three different feed rates, 0.02, 0.06, and 0.12 mm/rev, as in the aforementioned section, and three cutting speeds, 53, 79, and 113 m/min or a spindle speed of 2800, 4200, and 6000 rpm. PCD tools do not have such a wide variety of geometries as WC tools do. So, and independently of the results from material evaluation, the comparison of drill geometries in WC allows for more diversity. As mentioned before, cutting speed has less influence on the results and so the number of variable factors was kept low to avoid possible interacting effects that could mask the conclusions.
The results obtained for a spindle speed of 2800 rpm show clearly that the tool geometry has a large influence on all parameters used for comparison. As it can be observed in Figure 7 , there are remarkable differences from one tool geometry to the other, independently of the outcome to be considered. The specific geometry of the step drill, dividing the drilling operation in two phases, provides a considerable reduction of the maximum thrust force. Although there was not a clear reduction on the delamination extension, plates drilled with step drill had returned the higher results in the mechanical tests. This is a promising result.
The nonchisel edge Brad drill eliminates the extrusion effect exerted by the drill tip, promoting a diverse cutting mechanism with a large reduction in the thrust force. This drill tip tends to tension the fibers prior to cut, enabling a clean cut. From visual inspection, the holes drilled with this tool always seem smoother and the surface roughness of hole walls is lower, Dura˜o et al. 13 Similar conclusions were taken from the remaining spindle speeds. From the results of this experimental stage, it was possible to apply analysis of variance -ANOVA -on the maximum thrust force and on the delamination factor to estimate the relative influence of tool geometry, feed rate, and spindle speed, see Tables 2 and 3 , respectively. The feed rate reveals to be the most important factor acting on the maximum thrust force and on the delamination factor, with a percentage of contribution of 75% and 53%, respectively. The second most important factor is tool geometry with a percentage of contribution of 22% to the maximum thrust force and 35% to the delamination factor and finally the cutting speed contribution is always smaller, with a contribution of 2% to the maximum thrust force and 8% to the delamination factor. Experimental error was about 1% for the maximum thrust force and 4% to the delamination factor. Values from the F test on all the experimental factors show that feed rate and tool geometry are strong factors with physical and statistical significance on the maximum thrust force and on the delamination factor. F-test values for cutting speed show that this factor has a moderate effect on both results evaluated.
The correlation between the delamination factor or the adjusted delamination factor and the mechanical test results are represented in Figure 8 . The correlation with 'Open-hole test' results is represented in Figure 8 (a) and it shows that larger delamination causes a reduction in the mechanical strength of the plate around the connecting regions where screws, rivets, or bolts are used for assembly purposes. Identical result is obtained with 'Bearing test' results, see Figure 8 (b), leading to the same evidence. Moreover, data correlation for these data points was the highest of all. Finally, the correlation with flexural test results, represented in Figure 8 (c), does not seem to point out a conclusion so evident. Flexural stress values are greater as delamination is more extended as demonstrated by the linear correlation also represented in the same figure. However, data correlation was not so evident.
Conclusions
Carbon fiber-reinforced laminates were drilled in order to compare the performance of two different tool materials and three tool geometries on the maximum thrust force, delamination extension, and mechanical strength. The experimental work involved three feed rates and three cutting speeds. It is possible to draw the following conclusions from the work presented:
From the two tool materials compared, WC tools seems to be more favorable than PCD tools, as they are less expensive, cause less damage, and turn out to be more economical for small series of holes.
It is confirmed that low feed rates are appropriate for laminate drilling, as it reduces the axial thrust force and consequently, the delamination around the hole. Moreover, low feeds minimize the loss of mechanical strength of the drilled part.
ANOVA results show that feed rate is the most important factor for delamination reduction, followed by tool geometry. Both factors have physical and statistical significance as it is demonstrated by the results of the F-test. Therefore, an appropriate selection of feed rate and tool geometry is recommendable when drilling composite laminates.
Bearing test, in spite of being more complex, should be used to characterize mechanical loss due to existing damage. Data correlation of test results with damage extension was the highest. Open-hole tests and flexural tests (3-point) could possibly represent an easier way to characterize mechanical loss due to delamination damage. Both test procedures are very simple to implement and perform. However, further analyses with these tests, as well as 4-point flexural tests, are necessary to assess this possible relevance.
